Abstract
INTRODUCTION
The question of whether obesity is a risk factor for complications of coronary artery bypass graft (CABG) surgery has been frequently addressed in the past 20 years. Interest in the subject continues partly because the published studies show contradictory results and partly because the results frequently contradict conventional wisdom that obese patients should be at higher risk for postoperative morbidity and mortality. While body surface area is the anthropometric measure included in the Society of Thoracic Surgeons' (STS) current CABG risk model (and has been more commonly used in other and past STS models) [1] , most research studies examining the impact of obesity on CABG outcomes have focused on the more broadly familiar body mass index (BMI) measure. In 2007, we reviewed existing literature and found great variation in the categorization of BMI in studies examining its effect on risk of operative mortality after CABG [2] . Investigating further, and modelling the association between BMI and post-CABG mortality using cubic spline functions, we demonstrated that BMI categorization compromised studies' internal validity, raising the risk of inaccurate conclusions-which, in turn, get translated into less-than-optimal clinical advice [2] .
Cubic spline smoothing functions provide an efficient method of treating continuous variables [2, 3] , which avoids the risks inherent in the assumptions made about the shape of the association between a continuous variable and an outcome when it is forced into a categorization scheme or investigated as a linear (continuous) predictor. As more than 7 years have passed since we demonstrated the bias introduced into investigations of post-CABG mortality when BMI is categorized, we sought to determine the extent to which researchers have heeded the warning. Additionally, with CABG data now available from 32 cardiac surgery programmes in North Texas, we updated our comparison of the use of cubic spline functions versus categorization for the investigation of the impact BMI has on post-CABG mortality, to further assess the association between BMI and CABG mortality and more powerfully demonstrate the bias categorization introduces.
METHODS
This study was approved by the institutional review board of the Baylor Research Institute, and a waiver of informed consent was granted.
Body mass index and coronary artery bypass graft operative mortality literature
We searched the PubMed to identify studies published since 2007 investigating the effect of BMI on post-CABG mortality. Search strategies were formulated to retrieve records published in English that combined terms related to BMI, CABG and operative mortality. Reference lists were searched for additional articles. We identified 11 studies investigating the impact of BMI on post-CABG mortality and tabulated the BMI categorizations/modelling techniques used as well as the study results. We also considered the categorization schemes and the modelling techniques reported in the articles included in our prior study [2] (see Table 1 ).
Patient data
The Texas Quality Initiative was established in 2012 by the Dallas-Fort Worth Hospital Council (DFWHC) Foundation. Thirtytwo of the 34 cardiac surgery programmes in North Texas share the data submitted to the STS National Adult Cardiac Surgery Database [1, 2, 28] with DFWHC, where they are combined into a 
Outcome definition
We applied the STS definition of operative mortality in any of the following outcomes [1] : (i) death during CABG, (ii) any in-hospital death during a continuous post-CABG stay or (iii) any death within 30 days of post-CABG discharge.
Statistical analysis
The statistical models used have been previously described [2] . Briefly, a propensity-score approach was used to adjust for confounding of the association between BMI and operative mortality. The BMI propensity score was estimated by regressing the factors formally recognized as constituting the STS CABG risk model [1] (listed in Table 2 ) into BMI. Restricted cubic spline functions were used for all continuous variables in the propensity model. The quintile of the propensity score along with BMI (modelled with a 5-knot restricted cubic spline [3] ) and the raw propensity score (included to further reduce bias) were included as independent variables in a generalized estimating equation logistic regression model predicting operative mortality. A generalized estimating equation approach was used because patients in the study cohort underwent isolated CABGs at 32 different cardiac surgery programmes.
Multiple imputations via Markov Chain Monte Carlo simulation [3] were performed for all missing variables: ejection fraction (n = 919, 7.2% missing), left main disease (n = 55, 0.4% missing) and creatinine (n = 7, 0.1% missing).
The propensity-adjusted model was refitted for each of the categorization classifications identified from the literature and to model BMI as a continuous linear effect. For this last model, departures from linearity of the association between BMI and mortality were also assessed.
Findings were contrasted with those obtained when BMI was modelled with restricted cubic splines. Adjusted odds ratios, 95% confidence intervals and Wald v 2 P-values were estimated. A plot contrasting the adjusted association between operative mortality and BMI (modelled with restricted cubic splines) to the adjusted odds ratios and 95% confidence intervals estimated for the Centers for Disease Control and Prevention BMI categorization was produced.
All analyses were conducted using SAS Version 9.4 (Cary, NC, USA).
RESULTS
Of the 25 studies we identified investigating the association between BMI and CABG mortality, 22 categorized BMI, 2 treated it as a linear continuous variable [27] and 1 used a smoothed spline function [15] (Table 1 ). This represents little change from our previous findings, in which 11 of the 12 studies used categorization. We again observed wide variation between studies in the number of, and cut points for, the categories used as well as in the study results (see Table 1 ). Table 2 shows the clinical and demographic details of the study cohort in which we compared the different BMI categorization and modelling schemes.
Operative mortality occurred in 319 (2.5%) patients. The propensity-adjusted association between BMI (modelled with a restricted cubic spline function) and mortality was highly significant (v 2 = 24.68, degrees of freedom = 4, P < 0.0001) ( Table 3 , Fig. 1 ). The test for non-linearity was also highly significant (v 2 = 24.21, degrees of freedom = 3, P < 0.0001). Adjusted odds ratios and 95% confidence intervals for the association between BMI and operative mortality for each model fitted with the categorizations from the literature are shown in Table 3 . Of the 16 categorizations, only 9 even partially estimated the effect of BMI on operative mortality following CABG, and none detected the significant risk associated with extremely high BMI (>40 kg/m 2 ) ( Table 3 , Fig. 1 ). More importantly, none of these models fully estimated the BMI-mortality association. This is demonstrated visually in Fig. 1 , contrasting the odds ratios for mortality obtained using the Centers for Disease Control and Prevention BMI categorization to the BMI-mortality association modelled using a cubic spline.
Furthermore, the adjusted association between BMI (modelled as a linear effect) and CABG mortality was not significant (P = 0.89). Moreover, the test for linearity was highly significant (P < 0.0001), indicating that the linear assumption is inadequate and the analysis estimates unreliable.
DISCUSSION
This update of our 2007 investigation of how BMI is treated in studies investigating its impact on post-CABG mortality and how that influences results shows that most investigators still categorize BMI. Only one of the new studies [15] included an analysis using a spline function capable of capturing the shape of association between BMI and post-CABG mortality. In the present investigation, using CABG data from 32 cardiac surgery programmes, we showed, first, how greatly the choice of a categorization scheme biases the estimate of BMI's effect on post-CABG mortality, and, second, how poorly categorization captures the association between BMI and post-CABG mortality. This reaffirms our 2007 recommendation that BMI be modelled using a cubic spline smoothing function. P-value for association of BMI with operative mortality = 0.89 (OR = 1.00; 95% CI: 0.98, 1.02) Cubic spline P < 0.0001 b for association of BMI with operative mortality P < 0.0001 for linearity test of BMI, indicating linear assumption is inadequate *Indicates studies published after our previous paper on this topic, refer to Table 1 for cut-off values used to the define weight class categories. P = P-value; OR = odds ratio; 95% CI = 95% confidence intervals. While this recommendation is, in one sense, specific to how data should be analysed in research studies, it calls for a broader change in how we think about BMI in clinical settings. Rather that thinking of it as a measure that can be used to group patients into categories such as 'underweight', 'normal', 'overweight' and 'obese' and comparing the clinical and demographic characteristics between those groups as part of the process of evaluating risk and determining treatment options, we need to think of a patient's BMI as a characteristic that feeds into that patient's individual, overall risk profile.
Results from the current study confirm the previously demonstrated, non-monotonic significant association between BMI (modelled with restricted cubic spline functions) and the risk of post-CABG mortality [2, 15] . The lowest risk was seen when BMI was near 30 kg/m 2 , and the highest below 20 kg/m 2 and above 40 kg/m 2 . The 'shape' of this association explains why studies investigating the impact of BMI on post-CABG mortality that model BMI using predetermined or arbitrary categorizations (or assuming a linear relationship) systematically fail to fully detect the magnitude and direction of the association.
Our data provide important insight into the conflicting results regarding the association between BMI and mortality in the literature: some studies show no association [8-14, 16-20, 23-26, 27, 29] , while others indicate increased risk in obese or severely obese [7, 21] or underweight [4-6, 8, 22, 30] patients, creating confusion as to whether or how BMI should be considered when determining the best treatment/management strategy for a patient. Our results, in which different categorization classifications were applied in the same patient cohort and with all other aspects of the analysis held constant, show that much of this inconsistency is attributable to the variation in BMI categorization schemes between studies, and, moreover, to the inability of categorization to fully capture the shape of the BMI-mortality association. Decisions regarding how BMI is treated in an analysis greatly influence the results, and the wrong choice can bias conclusions. Our data also confirm the conclusion that both we [2] and Wagner et al. [15] have previously reached (but that other researchers have continued to ignore): that neither modelling BMI linearly nor categorizing it can adequately capture its association with post-CABG mortality.
We have shown that, for more than 20 years, the methods used to model BMI have critically biased the results of studies investigating its effect on post-CABG mortality. Our results regarding the association between BMI and post-CABG mortality are subject to the usual limitations of an observational study, and we cannot exclude the possibility that our search strategy may have missed some studies investigating BMI's impact on post-CABG mortality. Nonetheless, our demonstration of the impact choice of BMI modelling has on results has significant implications that should not be ignored.
Investigators studying the association between BMI, or other continuous risk factors, and mortality must consider the use of smoothing methods such as restricted cubic spline functions; categorizing key continuous risk factors or assuming linear relationships with the outcome of interest biases results and conclusions. On the clinical side, too, our results have important implications: clinicians relying on broad categorizations of BMI (e.g. underweight, normal, overweight and obese, or on studies that have applied such categorizations when examining the association between BMI and outcomes, run the risk of underestimating risk of adverse outcomes for some patients, while overestimating them for others. This could lead to some patients being denied CABG when its potential benefits outweigh its true risks for them, while other patients are recommended for surgery when the risks are higher than they would be willing to accept had they received an accurate assessment. Propensity-adjusted cubic spline model predicted probabilities of operative mortality by BMI versus Centers for Disease Prevention and Control BMI classification odds ratios, 95% confidence intervals and P-values. Odds ratios estimated by using the 'underweight' as reference group (not presented in the graph) were all non-significant. Likewise, odds ratios obtained by using the 'obese' as a reference group (not presented in the graph) were all non-significant.
